3 6
The cryo-EM density of domain 4, the receptor-binding domain, is weak and has the 1 3 7 lowest resolution among all four domains (Extended Data Fig. 2 ), likely owing to its 1 3 8 flexibility resulting from minimal contact with the other domains. The overall structure 1 3 9
of the Ib-pore is similar to that of the PA-pore (Extended Data Fig. 5a ). Specifically, the 1 4 0 funnel structure consisting of domains 1′, 2, and 3 shows high similarity with that of the 1 4 1 PA-pore. Domains 1 and 2 of PA share 41 and 40% sequence identity with the 1 4 2 corresponding regions of Ib (Extended Data Fig. 6 ). The weak map density of domain 4 1 4 3
is also reported for the PA-pore 11 . In Ib, the relative position of this density differs from 1 4 4 that of PA-pore domain 4 (Extended Data Fig. 5a ). As domain 4 is a receptor binding 1 4 5
domain, the sequence identity shows < 10% identity with PA, with the size also 1 4 6 differing (Ib domain 4 is twice as large as that of PA).
4 7
The cryo-EM density of the inner side of the funnel was analysed at high resolution;
1 4 8 thus, the side chain is clearly visible (Extended Data Fig. 4b ). The narrowest clamp is 1 4 9
formed by seven F454s from seven protomers with a diameter of 6 Å, termed the 1 5 0 φ-clamp in PA ( Fig. 2e ). Two additional bottlenecks exist in the cis-side: Ca-edge 1 5 1 (216) (217) (218) (219) (220) (221) (222) (223) (224) , an N-terminal Ca binding site, and , with 45 Å and 23 1 5 2 Å diameters, respectively (Fig. 2d ). Ca-edge, which is a unique di-calcium binding site 1 5 3 1 6 8
to have an important function for translocation ( Fig. 2c ). Moreover, numerous Ser and 1 6 9
Thr residues exist in the inner surface stem region, which may have vital functions as 1 7 0
with PA although the residue positions are not conserved between Ib and PA (stem 1 7 1 region Ser/Thr content of 56% each in Ib and Pa) (Extended Data Fig. 5c ). Ib-pore ( Fig. 3h ). Within the seven NSQ-loop interaction, one (F subunit) pushes 1 8 9
residues 29-32 in the N-terminal α-helices (Ia), causing the apparent tilt and partial 1 9 0 unfolding of the N-terminal α-helix ( Fig. 3h ; Extended Data Fig. 7) . Thus, the 1 9 1 N-terminal region (1-17) in Ia unfolds in the Ib-pore because it is too large to fit in the 1 9 2 NSQ-loop bottleneck, then continues to the Ib-pore φ-clamp gate ( Fig. 3h 
0 9
We next compared previous mutational results of Ib with the present Ib-pore 2 1 0 structure. F454A led to loss of cytotoxicity and markedly increased single-channel 2 1 1
conductance, suggesting that the φ-clamp is highly conserved and crucial for binary 2 1 2 toxin activity 27 . Several mutations within the amphipathic β-strand forming the stem 2 1 3 affected pore formation, single-channel conductance, and ion selectivity (S339E-S341E, 2 1 4 Q345H, and N346E) 27 . Based on the structure, S339, S341, and N346 are located on the 2 1 5 inner stem surface, whereas Q345 is found on the stem tip. Ser and Thr residues on the 2 1 6 inner surface are likely essential for translocation. The available cryo-EM structure of LF N -bound PA-pore (PA 7 (LF N ) 3 ) is at low 2 2 0 resolution; nevertheless, the same binding mode as in the LF N -bound PA-prepore is 1 1 amphipathic cleft on the octamer surface, termed the 'α-clamp' (Fig. 3j ). Thus, the main 2 2 3 interactions are formed by the N-terminal helix binding to the PA-prepore α-clamp.
4
Altough similar structural feature and electrostatic potential exist for Ib-pore 2 2 5 translocation channel, significant differences exist between Ia and LF binding. For LF, 1 3 α-helices pass through the dilated φ-clamp, leading to produce more power stroke.
6 9
However, structures of both the PA-pore at acidic pH and Ib-pore at neutral pH show 2 7 0 that the φ-clamp forms the same configuration as in the closed (clamped empty) state.
7 1
The dilated (unclamped empty) state structure has not yet known; moreover, whether 2 7 2 the dilated state exists and the allosteric helix-compression model is generalizable 2 7 3 remain controversial 30,31 . In Ib and C2II, the dilated state has not been observed by 2 7 4 electrophysiological study 32, 33 or in the present cryo-EM studies. With regard to its 2 7 5 structure, as seven phenylalanines are stacked in the φ-clamp structure, change to a 2 7 6 more dilated conformation is unlikely. In addition to these, Ib does't use the α-clamp for 2 7 7
α-helices binding. Together, these observations indicate that the Ib translocation likely 2 7 8 occurs via a static φ-clamp pore, suggesting the extended-chain translocation of the 2 7 9
unfolded N-terminal substrate (Fig. 4) only at pH 5.6, suggesting the translocation occurs only at acidic pH. In our study, we 9 9 390-392 (1986) . fractionated 108 movie frames.
1 0
Image processing of the Ib-pore for the first data set. A total of 2,120 images were 5 1 1 collected in the first data set. The movie frames were subsequently aligned to correct for 5 1 2 beam-induced movement and drift using MOTIONCORR2 40 , and contrast transfer 5 1 3 function (CTF) were estimated using CTFFIND4 41 . A total of 299,491 particle images 5 1 4
were automatically picked using Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/) 5 1 5
and several rounds of 2D classification and 3D classification were performed using 5 1 6
RELION-3.0 42 . The best among the 3D classes in which clearly showed 7-fold 5 1 7
rotational symmetry in Ib-pore were subjected to 3D refinement with C7 symmetry. The 5 1 8
3D-refined structure was further CTF refined using the per-particle defocus and 5 1 9 2 0 without the substrate Ia (Extended Data Fig. 2a-e ).
2 1
Image processing of the Ia-bound Ib-pore for the first data set. While the 3D class 5 2 2 reconstruction proceeded in Ib-pore analysis, we identified another class that showed Ia 5 2 3 density on the Ib-pore (1,735 particles). The class was subjected to 3D refinement and 5 2 4
used as a template for a second 3D classification with 154,378 particles. Classes that 5 2 5
exhibited density on the Ib pore were selected for processing using 3D refinement.
2 6
Around the Ib pore membrane spanning stem (outside of the stem), some blurred 5 2 7
density was observed that appeared irregularly in each class; therefore, it was subtracted 5 2 8
to increase the efficiency of classification. Subtracted particles were subjected to a third 5 2 9
3D classification, and then classes that contained 15,890 particles with strong density on 5 3 0
the Ib pore were subjected to 3D refinement initially without and then with a solvent vitrification, blotting, freezing, and Cryo-EM imaging were the same as described for 5 3 8
the first data set.
3 9
Image processing of the Ia-bound Ib-pore for the second data set. Image processing 5 4 0 was performed as described for the first data set unless otherwise stated. A total of Step 1 Step 2 Step 3 Step 4 Ia (black) and Ib-pore (grey). Arrows indicate possible Ia movement direction. a, Ia and Ib-pore before complexation. b, Ia-bound Ib-pore complex solved herein by single particle analysis. Ib-pore binding induces tilts and partial unfolding of the first N-terminal Ia a-helix. c, Endosomal acidic conditions facilitate unfolded N-terminal tip entry into the Ibpore f-clamp followed by extended-chain Brownian ratchet model-mediated translocation. d, Expected mechanism to prevent Ia retro-translocation by a-helix formation in the stem at neutral pH in the trans-side.
